Butene hydrogenation activity is intimately connected with the occupied and unoccupied electronic states of gold active site. We prepare well-dened Au(III) sites in IRMOF-3 structure, and tuned the metal density-of-states by replacing the substituent group of the coordinating group at position 5. Resonant inelastic X-ray scattering experiments and theoretical calculations revealed an increase in unoccupied 5d states of Au when the substituent group is a donating group, which leads to a dramatic increase in catalytic activity.
Introduction
Until the late eighties, gold was perceived as a non--catalytic metal, however that changed when Haruta et al. discovered that nanosize gold is active in CO oxidation [1] . Since then a plethora of catalytic processes in which nanogold is active were reported, namely in hydrogenations [2] , oxidations [3] , hydroaminations [4] and epoxidations [5] . The applications range from environmental remediation [6] to the chemical production [7] .
As with any catalytic material, gold activity is intimately related to its electronic structure, which alters when molecules are adsorbed (the initial step of any catalytic process). As reminder, molecules adsorption on a catalyst leads to the formation of new bonding and antibonding states. When the antibonding states are shifted to energy levels above the Fermi level, the molecule bonds to the metal site [8] . Hammer and Nørskov [9] proposed an adsorbate-metal bonding model based on d-band theory. The model suggests that adsorption energy depends on the energy position of the d-band in respect of the Fermi level. As consequence metals with d-band closer to the Fermi level are more prone to adsorb molecules than those with d-band further from the Fermi level. Thus, tuning of active site electronic structure is at the forefront of any catalyst development and/or improvement.
Gold modied metal organic frameworks (MOFs) are a novel class of supported gold catalysts. Post-synthetic modication (PSM) of MOFs allows for the design of an active site according to reaction requirements [10] . Iso--reticular MOF3 (IRMOF-3) is a porous MOF decorated with pendant amine (NH 2 ) groups synthesized by Eddaoudi et al. [11] . The amine moieties are available to react because they do not make part of MOF structure [12] .
Zhang et al. used a similar PSM strategy to produce a highly active gold-iminophenol functional material able to hydrogenate selectively 1,3-butadiene to butene [13] . They added gold to IRMOF-3 that was previously modied with a salicylaldehyde group. Gold was believed to be present as Au(III). The study did not exploit the possibility to change gold electronic structure by changing salicylaldehyde substituent. Sá et al. [14] demonstrated that gold electronic structure could be nely tuned by replacing the salicylaldehyde substituent groups in benzyl ring (position 5). Most importantly, the changes were quantied by measuring directly the changes in metal 5d density-of-states (DOS) instead of the commonly used methods that infer DOS from coordinating ligand theory. Herein, we report the changes on 1-butene hydrogenation induced by the changes in Au 5d DOS. We performed resonant inelastic X-ray scattering (RIXS) and density functional theory (DFT) calculations to determine 5d DOS, and correlate its inuence in the catalytic outcome. It was found that increased in 5d DOS leads to higher catalytic performance.
Experimental
The samples were prepared according to the procedure described elsewhere [14] . We prepare three Au-IRMOF coordinated with salicylaldehyde group substituted in position 5 by NO 2 (Au-IRMOF-NO 2 ), OCH 3 (Au--IRMOF-OCH 3 ), and H (Au-IRMOF-H). Hydrogenation of 1-butene was carried out in a plug ow reactor at several temperatures (75, 100, and 130
• C) for a total of 3 h. The inlet gas composition was 1-butene/ H 2 (1%/2%) in Ar, total ow 30 mL/min. The outlet gas composition as analysed by quadrupole mass spectroscopy, and the molar concentrations were calculated using sensitivity and fragmentation factors calibrated beforehand.
The RIXS maps were measured at the SuperXAS beamline of the Swiss Light Source at the Paul Scherrer Institute, Switzerland. X-ray detection was performed (940) with a wavelength-dispersive spectrometer. To avoid any scanning components during the acquisition, the spectrometer was operated in the von Hamos geometry [15] . On the sample the photon ux was (78) × 10 11 photons/s with an energy resolution of ∆E/E ≈ 1.4 × 10 −4 and a spot size of 100 × 100 µm 2 . For calibration a 4 µm thick Au foil was used. The samples were measured as wet powder (in toluene) compressed between kapton tape (100 µm thick) at −90
• C to prevent beam damage, which was evaluated throughout the measurements.
The orbitals energetic position and HOMOLUMO gap were calculated with the Gaussian09 program package [16] . The geometry optimizations of the gold complexes were performed at the density functional theory (DFT) level, employing the Becke three-parameter B3LYP functional [17] together with a cc-pVDZ basis [18] on all atoms. For gold a relativistic eective core--potential (RECP) was employed [19] , where 54 electrons were taken into the core. The corresponding valence basis suitable for this pseudo-potential also had cc-pVDZ quality and was optimized by Peterson and Puzzarini [20] . The relativistic eects, especially s-orbital contraction and d-orbital expansion, are accurately accounted for by the RECP; DFT/RECP has proven to be very successful for calculations of organometallic compounds [21] .
Results and discussion
Au-IRMOF catalysts were tested on the hydrogenation of 1-butene to butane. When active, the only reaction product detected was butane, as expected if hydrogenation is the single process taking place. The overall activity decreased with the increase of reaction temperature ( Fig. 1 and Table I ). The result suggests that the amount of 1-butene adsorbed is a key factor of the process since 1-butene adsorption decreases with the rise of temperature. Thus, one can condently state that 1-butene has a low heat of adsorption on the present gold sites. The Au-IRMOF-H (Zhang et al. system [13] ) is active at 75 and 100
• C but not at 130
• C, which is consistent with Zhang's ndings. They reported close to 100% selectivity to 1-butene in 1,3-butadiene hydrogenation at 130
• C, i.e., olen hydrogenation does not take place. Substitution of substituent group in salycilaldehyde position 5 by a deactivating group (Au-IRMOF--NO 2 ) led to complete suppression of 1-butene hydrogenation. This contrasts, with an enhancement of activity when the same position was substituted with an activating group (Au-IRMOF-OCH 3 ) (see Table I ).
In an attempt to rationalize the nding, we performed RIXS measurements and DFT calculations. It should be mentioned that the choice of position 5 was deliberate since it avoids or drastically decreases potential geometric factors since spatial availability around the active site remain unaltered. RIXS spectroscopy at L 3 edge is an ideal tool to probe 5d unoccupied states of Au. Thanks to the strong dipolar resonance (2p 3/2 → 5d), small changes in Au empty d-states population can be resolved. Following the electron excitation, a core-to-core X-ray emission is detected corresponding to the L α1 (3d 5/2 → 2p 3/2 decay) X-ray uorescence. Because of low electron coupling between excited 5d and decaying 3d electrons, the measured data can be directly evaluated and compared with theoretical calculations. Figure 2 shows the RIXS plane dierences between active (H top, OCH 3 bottom) and non-active (NO 2 ) sites. Similar to previous studies [14] , the resonance corresponding to d-excitation is detected at incidence beam energy of around 11919 eV. The ∆-RIXS plane for H and NO 2 samples reveals an increase in Au 5d DOS of about 7% in case of Au-IRMOF-H. Comparison between Au-IRMOF-OCH 3 with non-active Au-IRMOF-NO 2 , reveals that a signicant change d-band population is detected. A 19% increase in unoccupied Au d-band was detected when the withdrawing substituent group (NO 2 ,) is replaced by a donating group (OCH 3 ). Both ∆-RIXS planes could be reproduced with theoretical simulations (Fig. 2, right) . Thus the observed changes are in fact related to changes in Au electronic structure due to the substituent group.
Eect of the electronic rearrangement induced by salicylaldehyde group substituted in position 5 and its impact on Au 5d DOS was detected and conrmed with theoretical simulations, conrming PSM as a viable synthetic strategy to tune DOS, and consequently the catalytic performance. The signal dierences seen at higher excitation energies (11925 eV and 11935 eV) are due to the changes in multi-electron scattering cross-sections probabilities. This signal is also well reproduced by theoretical simulations.
RIXS maps analysis revealed that the Au 5d DOS increases when an activating group is in position, and vice versa. DFT calculations corroborated this nding. DFT calculations revealed a decrease in the gap between lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) when an activating group is in position 5 (Table II) . Thus, these structures are more prone to adsorb 1-butene, and undergo reaction according to Nørskov et al. [9] proposed adsorbate-metal bonding model based on d-band theory.
Concerning the reaction mechanism, adsorption of 1-butene can only occur if one of the chloro groups coordinated to the Au is displaced. Bond length calculations were performed to evaluate if there is a preferential site when the double adsorbs. Table III summarizes the bond lengths after olen adsorption. In order to decrease the computational time, we performed the calculations with ethene instead of butene, however back of the envelope calculations revealed comparable results, which certies consistence and transferability of the observations. Bond lengths are consistently shorter when the double bond replaces Cl 2 however the dierences are small to suggest that there is a preferential adsorption site. Hydrogen activation remains unsolved but hydrogen activation on small gold metal nanoparti-cles cannot be discarded. It should be mentioned that we did not detect small metal particles but they can be present in levels below our detection limit. 4 . Conclusion
In conclusion, we demonstrate that Au 5d DOS can be tuned by replacing the substituent group of the coordinating group. The addition of withdrawing group led to a signicant increase of the HOMOLUMO gap, which consequently decreased the catalytic activity. Inversely, the addition of a donating group shrinks the HOMO LUMO gap, which promoted the reaction. Thus, PSM of MOFs oers the possibility to nely tune the metal electronic states, and consequently catalytic performance. The combination of RIXS and theoretical calculations is extremely powerful approach, enabling access to a detailed picture of factors controlling catalytic outcome, namely catalyst electronic states.
